Almost at the same time, new delay bounds are found in [8] where an improved augmented LKF is constructed and some new cross terms are included. In [14] , a new LKF which involves lower and upper bound of probabilistic time delay is designed to study the problem of reliable mixed and passivitybased control for a class of stochastic T-S fuzzy systems. For the first time, Zhang and Wang [16] established a novel delay-dependent analysis framework by directly exploiting the sources of augment Lyapunov functional. Zhang et al. [15] proposed a distributed fuzzy optimal control law relied on actual physical meaning which is a new idea of fuzzy multiagent system. For impulses systems, [17] shows that the delay may contribute to or do harm to the stabilization of delay systems. In [18] , the bound of the state-dependent delay is not required but derives from the obtained stability result. It should be noted that the integrand of LKF used in all of the papers mentioned above are independent of the analysis of membership functions which is a very important factor for fuzzy systems. Losing the information of membership functions will lead to conservativeness [13] .
In this technical paper, the problem of stability for T-S fuzzy systems with time-varying delay is investigated. First, the possible reason of conservativeness is analyzed. The analysis shows that if we can reduce the number of LMIs without changing the number of variables, we will get a less conservative stability criteria. To do this, a new LKF whose integrand depends not only on the integral variable but also on time t is designed to reduce the LMIs. Then, according to the sign of the time derivative of the membership function, a switching idea is applied to ensure the time derivative of the LKF is negative. In the end, the obtained stability criteria contains less number LMIs and can get less conservative results than the existing ones in the literature.
II. PROBLEM STATEMENT AND PRELIMINARIES

Consider the T-S fuzzy systems with time-varying delays Plant rule
where x(t) ∈ R n is the state vector, A i ∈ R n×n and A di ∈ R n×n are known matrices, θ i are known premise variables, μ ij , i = 1, 2, . . . , r, j = 1, 2, . . . , p are fuzzy sets; h(t) is the time-varying delay satisfying
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Applying the center-average defuzzifier, product interferences and singleton fuzzifier, one has the following T-S model:ẋ
where
, and λ i (θ ) are membership functions defined as
with w i (t) ≥ 0 and μ ij (θ j (t)) representing the grade of membership of θ j (t) in μ ij . For simplicity, single sum is written as
is the time derivative of membership function dependent matrix. The time t is dropped for variables in the following analysis, for example, x(t) is presented as x and h(t) is presented as h. For any matrix X,
The aim of this paper is to establish a less conservative stability criterion for T-S fuzzy system (3). Before presenting the main result, let us make some discussions as follows. 
A. Possible Reason of Conservativeness
The number of free variables increases from 2 to 1 + r, while the number of LMIs increases from r to r 2 at the same time. Equation (5) is no better than (4) because more LMIs means more constraints but (5) is better than (4) if Q j can be replaced by Q i . Finding a method to reduce the number of LMIs without changing the number of variables is important. One possible choice is replacing Q with
The following lemmas are useful to deal with the time-derivative of the LKF.
Lemma 1 (see [11] ): For a function 
Proof: Let
then applying Lemma 1 we have
Since
substituting (8) into (7), we get the conclusion.
B. Discussion of the Time Derivative of Membership Function
In the following, we will discuss how to ensureẊ λ ≤ 0, 
where H l , l = 1, 2, . . . , 2 r−1 is the set that contains the possible permutations ofλ k and C l is the set that contains the constraints of X i , Y i , Z i , and U i . For example, if r = 3, we haveẊ
There are four constraints (13) is expressed as follows:
Based on the above discussion, we get the following lemma. (14)- (17) hold for i, j, k = 1, 2, . . . , r, the fuzzy system (3) is asymptotically stablė
III. MAIN RESULT
iikvq < 0 (15)
Proof: Based on [9] , we design the LKF as
Applying Lemmas 1 and 2, we havė
Thus, the time derivative of V(x t ) along the trajectories of (3) isV
−P 3λ
Because of the constraint (14), we havė
Then, applying the method in [9] to deal with the term
we get the conclusion. Since the constraints (14) in Theorem 1 are not LMIs, we design the following algorithm to find the maximum delay bound.
Algorithm 1: Based on Lemma 3, applying (15)- (17) with each constraint C l , we get a corresponding delay bound denoted as h 2l , l = 1, 2 · · · 2 r−1 and the final maximum delay bound ish 2 = min 1≤l≤2 r−1 (h 2l ).
Remark 1: At any time t, there exists a corresponding constraint C l such that the time derivative of LKF is negative. Sinceh 2 is the minimum of all the h 2l , l = 1, 2 · · · 2 r−1 , the fuzzy system (3) is asymptotically stable for any delay belonging to the interval [h 1 ,h 2 ].
Remark 2: Different from the existing results [4] [5] [6] [7] [8] , the integrand of the LKF designed in this paper depends not only on the integral variable but also on time t. This design can help to reduce the number of LMIs without changing the number of free variables. In addition, a switching method is applied to deal with the time derivative of the membership functions, although some matrix constraints have to be added, the simulations show that larger delay bound can be obtained by the criterion in this paper than existing results.
Remark 3: Note that the number of decision variables in Theorem 1 is (10n 2 +3n)r, while, the number of decision variables in [8, Th. 1] is 137n 2 +6n+r(36n 2 +n) and in [7, Th. 1] is 42.5n 2 + 8.5n. The method in this paper is simple but effective and can be combined with other techniques such as the improved reciprocally convex combination in [7] or the improved augmented LKF in [8] .
For some two-rule fuzzy systems, especially the premise variable is independent of the system states and the time derivative of the membership function is monotone increasing or monotone decreasing (for example,
, we have the following corollary.
Corollary 1: (18) and the inequalities (15)- (17) hold for i, j, k = 1, 2, the tworule fuzzy system (3) is asymptotically stable for any delay
Proof: If r = 2, we havė
Sinceλ 1 > 0, (14) is ensured by (18), and thus the proof is completed. 
IV. SIMULATION EXAMPLE
Example 1: Consider the following nonlinear system with time-varying delay:
This nonlinear system can be modeled as a two-rule T-S fuzzy system with time-varying delay as in [4] [5] [6] [7] [8] with the membership functions
and
According to whether the memberships are dependent on the system states, we have the following two cases.
A. θ = x 1
For this case, the membership functions are dependent on the system states. Let d 2 = 0.1, the maximum delay bound h 2 = 1.7659, h 2 = 1.5253, h 2 = 1.7718 can be found in [4] [5] [6] , respectively. Recently, the maximum delay bound h 2 = 1.8276 is obtained by using the improved reciprocally convex combination technique in [7] as d 2 = 0.1, almost at the same time, h 2 = 2.3268 is obtained by applying the augmented LKF in [8] . As (15)- (17) with the constraint C 1 :
we get h 22 = 2.7269, h 21 = 2.7725, so the final maximum delay bound ish 2 = min 1≤v≤2 (h 2v ) = 2.7269. Table I shows the maximum delay obtained by different methods. Obviously, the method in this paper is less conservative than the existing ones.
We also consider two special cases of the new LKF. s) )S i . Case I means the used LKF is independent of the membership functions. Case II means P, R are independent of the membership functions and Q λ(s) , S λ(s) are dependent on the integrand variable s instead of time t. Applying Theorem 1 with (I), we only get h 2 = 1.8146 for d 2 = 0.1 which is even more conservative than [7] . Applying Theorem 1 with (II), we get the same result as case (I). This simulation shows that the LKF used in Theorem 1 is very effective. The trajectories of the system with φ(t) = [ 1.5 1] T , h = 0.9 + 0.1 sin(t), h = 1.4 + 0.1 sin(t), h = 1.9 + 0.1 sin(t), and h = 2.6269 + 0.1 sin(t) are shown in Fig. 1 which shows that the considered system is asymptotically stable for any delays satisfying h 2 ≤ 2.7269 but the needed time is different (larger delay need more time to be stable).
B. θ = t
For this case, the membership functions are independent of the system states. 2 ] > 0, applying Corollary 1 we get the maximum delay bound h 2 = 2.7269 which is the same as case in Section IV-A.
Example 2: Consider the two-rule fuzzy system with the following system matrices: (15)- (17) with the constraint C 1 : {P 1 ≥ P 2 , Q 1 ≥ Q 2 , R 1 ≥ R 2 , S 1 ≥ S 2 } and C 2 : {P 1 < P 2 , Q 1 < Q 2 , R 1 < R 2 , S 1 < S 2 }, respectively, we get h 21 = 1.0362, h 22 = 1.031, so the final maximum delay bound ish 2 = min 1≤v≤2 (h 2v ) = 1.031 which is less conservative than the existing results, for example, applying the method in [10] with ρ = 0.1 we only get the maximum delay bound h 2 = 0.4809.
V. CONCLUSION
In this paper, we designed a new LKF to study the continuous-time T-S fuzzy system with time-varying delay.
A switching method is applied to deal with the time derivative of the membership functions. The simulation shows that the method in this paper is effective and can get less conservative results than the existing ones. Because of the feedback gains, this method cannot be extended directly to stabilization or observer design, but after some changes, for example, changing V 1 as a simple one and using the zero equation we can get the stabilization condition, then using the one-step method we can design the observer, however, for the case that the premise variables depend on the states estimated by the fuzzy observer, the results are complicated and should be considered in the near future.
